The cell water balance of maize ( Zea mays L., cv LG 11) and pearl millet ( Pennisetum americanum L., cv MH 179) during osmotic stress was studied non-invasively using 1 H nuclear magnetic resonance (NMR) microscopy. Single NMR parameter images of (i) the water content (ii) the transverse relaxation time ( T 2 ) and (iii) the apparent diffusion coefficient ( D app ) were used to follow the water status of the stem apical region during osmotic stress. During stress there are hardly any changes in water content or T 2 of the stem region of maize. In contrast, the apical tissue of pearl millet showed a ~ 30% decrease of T 2 within 48 h of stress, whereas the water content and D app did not change. These changes can be explained by an increase of the membrane permeability for water. This conclusion is supported by results from scanning electron microscopy, relaxation measurements of sugar solutions and numerical simulations of the relaxation and (apparent) diffusion behaviour of water in a plant cell.
INTRODUCTION
One of the intriguing questions in agricultural research is how plants handle drought stress. Plants show numerous adaptive responses to water deficits: inhibited growth, stomatal closure, osmotic adjustment and changes in hydraulic tissue conductance (Volkenburgh & Boyer 1985; Davies & Zhang 1991; Neumann 1995; Nonami, Wu & Boyer 1997; Sarda et al . 1999) . All these processes are connected to water transport across cellular barriers. Water permeability of cellular membranes is therefore of fundamental importance in order to understand the physiological response of plants to drought.
There are currently two opposite views on the role of membrane permeability during drought stress. The first predicts a higher membrane permeability and facilitated water transport, for example, to maintain expansion growth during stress or to facilitate rehydration of tissues (Yamada et al . 1997; Barrieu et al . 1999 ). The second is exactly the opposite, namely, drought stress induces a decreased membrane permeability to preserve cellular water within the tissues (Johansson et al . 1998; Smart et al . 2001) .
Most research on membrane permeability is focused on the role of aquaporins, or membrane water channels, because during drought stress both up-regulation and down-regulation of aquaporin gene expression seem to occur, depending on which kind of plant and organ is involved (Sarda et al . 1999) . Some reports claim to have found an even more complicated regulation mechanism in which some aquaporin genes show enhanced expression whereas others are down-regulated in the same organ (Sarda et al . 1999) . However, the effect of those gene regulations on the actual membrane permeability and the hydraulic tissue conductance is not known in detail.
The recent discovery of aquaporin and non-aquaporin water channels has triggered the development of instrumental methods to measure water permeability, such as light scattering, fluorescence and gravimetric methods (for a review see Verkman 2000) . These techniques are limited to a few cell layers at the periphery of the tissue. The frequently used cell pressure probe does not have this drawback, but its application is limited to a single cell and to a limited time span (Maurel 1997) . In contrast, nuclear magnetic resonance (NMR) imaging uniquely depicts the internal anatomical details for the entire tissue of interest. In addition, the spatial distribution of water, and physical properties of water reflecting its dynamics and mobility within the plant tissue are obtained. This paper reports the application of NMR imaging to maize and pearl millet plants during drought stress. Maize and pearl millet were chosen because of their different physiological response to drought stress (Aldrich & Leng 1966; Mahalakshmi et al . 1985) . Earlier experiments have demonstrated that the maize variety used in our experiments showed severe necrosis and irreversible damage of the leaves after two days of severe osmotic stress [ -0·9 MPa polyethylene glycol (PEG 6000)]. Pearl millet, an important African and Asian food crop, showed wilting leaves and stem shrinkage after these severe stress experiments, but recovered completely when normal conditions were restored (Van As et al . 1995) . In our present experiments, the application of low osmotic stress ( -0·35 MPa) does not generate such obvious visible changes, but is severe enough to stop stem elongation almost completely during the stress period in both species (van der Weerd et al . 2001) . Two NMR parameters, the transverse relaxation time T 2 and the apparent diffusion coefficient D app (see Theory), are measured in stem parenchyma tissue to elucidate the influence of drought stress on the membrane permeability as previously reported (van der Weerd et al . 2001) .
THEORY
Some important principles of NMR are discussed here to provide a background for the reader. For a more detailed introduction we refer to various excellent textbooks and reviews (Callaghan 1993; Ratcliffe 1994; MacFall & Van As 1996; Chudek & Hunter 1997; Ishida, Koizumi & Kano 2000; Kockenberger 2001; Ratcliffe, Roscher & ShacharHill 2001) .
Relaxation
Protons have a nuclear magnetic moment denoted 'spin'. In the presence of a magnetic field, these spins are oriented parallel to the magnetic field. This results in a net macroscopic magnetic moment, the magnetization ( M 0 ), in the direction of the external field. To be able to detect the magnetization M 0 , the magnetization is rotated by 90 ∞ with respect to the main magnetic field. Immediately following this 90 ∞ pulse, the initial magnetization level ( M 0 or signal amplitude) can be detected, which is proportional to the total amount of protons present in the sample. In time, the equilibrium is restored, and the magnetization vector returns to the main field axis. The characteristic time involved in this process is called the spin relaxation time. It can be separated into two different components, the longitudinal relaxation time T 1 for the restoration of the M 0 vector along the magnetic field axis, and the transverse relaxation time T 2 for the decay of this vector in the transversal plane.
A variety of interactions between the magnetic moments of the observed spins and the surrounding nuclei and electrons contribute to these relaxation times. It is therefore possible to probe the physicochemical properties of the spin environment using NMR relaxation measurements. The protons in water molecules experience an intramolecular dipolar interaction between both protons within one and the same molecule, as well as an intermolecular interaction with protons of neighbouring water molecules. Both interactions fluctuate when the molecules rotate or translate. When the rotation correlation time of the molecules is short, as is the case for free water molecules ( t c ~ 10 -12 s), both T 1 and T 2 are equal and relatively long ( ~ 2 s). Water close to macromolecules or to solid surfaces generally have slower tumbling rates ( t c ~ 10 -12 to 10 -10 s), which leads to a reduction in both relaxation times. Furthermore, the exchange of protons between water and other molecules, such as sugars and proteins, also influences the relaxation times. In biological tissue these principles determine the bulk relaxation times within compartments with different chemical compositions, such as the vacuole, the protoplasm and the cell wall. At low magnetic field strengths, the influence of chemical exchange is usually small in comparison with the effect of rotational correlation times. T 2 can be measured using a multispin-echo sequence.
Diffusion
All molecules in a fluid are subject to Brownian motion. The extent of this motion depends on the temperature and the viscosity of the fluid, which are incorporated in a parameter called the bulk diffusion coefficient ( D ) of the fluid. When an ensemble of molecules is followed in time, the mean distance travelled increases with time as long as no boundaries are encountered. If water experiences a barrier to diffusion, for example a cell membrane, the cell dimensions determine the maximum displacement. As a result the NMR diffusion experiments result in an apparent diffusion coefficient ( D app ), which is smaller than the intrinsic D .
The value of D app can be measured using a so-called pulsed field gradient (PFG) experiment. In this experiment a sequence of two magnetic field gradient pulses of equal magnitude but opposite sign label the protons as a function of their position. If the spins remain at exactly the same position the effect of the gradient pulses compensate each other. However, as soon as translational motion occurs, the gradients do not exactly compensate each other anymore, resulting in attenuation of the signal amplitude. The amount of this attenuation is determined by the length and amplitude of the gradient pulses, and by the mean translational distance travelled during the interval D between the two pulses. The distance travelled depends on the bulk diffusion coefficient of the fluid in the compartment and on the compartment dimensions, which define the (maximum) free diffusion distance.
Membrane permeability
In plant tissue, commonly three different subcellular compartments are distinguished: the vacuole, the cytoplasm and the cell wall with the extracellular space. The fluid in these compartments has distinctly different chemical and physical properties, and therefore different bulk T 2 and D values. In addition to these bulk properties, exchange of molecules between different compartments may take place, which affects all relaxation rates and apparent diffusion coefficients. The exchange rate between different compartments is determined by the permeability of the membranes, and by the size of these compartments.
Membrane permeability is frequently determined using the NMR relaxation times of intracellular water protons (Conlon & Outhred 1972; Brownstein & Tarr 1979; Snaar & Van As 1992; Zhang & Jones 1996; van der Weerd et al . 2001) . We recently demonstrated that the observed transverse relaxation time T 2 of water in a confined compartment as a vacuole can be described as a function of the bulk T 2 ( T 2,bulk ), the radii of the compartment along the x , y and z directions ( R x,y,z ) and the net loss of magnetization at the compartment boundary, the so-called magnetization sink strength ( H ) (van der Weerd et al . 2001 ):
In principle, Eqn 1 holds for vacuolized plant cells, with the vacuole as the main (largest) compartment with a relatively long bulk relaxation time. This bulk relaxation time can be influenced by other (macro)molecules as sugars in the solution. The cytoplasm and apoplast have a much shorter relaxation time and act therefore as a magnetization sink for the vacuole. The water permeabilities of the tonoplast ( P ton ) and the plasmalemma ( P pl ) membranes determine the exchange rates of water between these compartments. In combination with the difference in relaxation times between the vacuole and these compartments, P ton and P pl determine the net loss of magnetization at the vacuole plasmalemma. 
MATERIALS AND METHODS

Plant material
Maize ( Zea mays L., cv LG 11) and pearl millet ( Pennisetum americanum L., cv MH 179) seeds were germinated in wet sand in the dark. After 1 week the seedlings were transferred to water culture with half Hoagland nutrient solution (Hoagland & Arnon 1950) , which was refreshed every week. All plants were grown in separate vessels, designed to fit in the NMR imager to prevent root damage when the plants were transferred. The plants were grown in a phytotron at 25 ∞ C and 70% relative humidity with a photoperiod of 16 h and a light intensity of 40 W m -2 (mercury vapour lamp). When used, the plants were 4 or 6 weeks old, with six or nine fully emerged leaves, respectively.
NMR imaging experiments
(i) T 2 and cell size. The stems of maize ( n = 4) and pearl millet ( n = 5) were imaged from the shoot apex down over a length of about 20 cm under normal, non-stress conditions. The same plants were used for light microscopy to determine the parenchyma cell dimensions in the different internodes. (ii) Stress conditions. NMR imaging of the shoot apical region of maize ( n = 2) and pearl millet ( n = 3) was combined with water uptake measurements. The plants were followed for six days: the first two days under normal conditions, the second two days during osmotic stress and the third two days during recovery. For pearl millet part of the experiment was repeated ( n = 2), recording NMR imaging data under the initial, normal conditions and after 48 h of osmotic stress. Osmotic stress was applied by replacing the normal root medium by a -0·35 MPa solution of PEG 6000 (162·3 g kg -1 ) in nutrient medium. The shoot of the plant was housed in a climate chamber with an air temperature of 26 ± 1 ∞C and a relative humidity of 50 ± 2% with a photoperiod of 16 h and a light intensity of 70 W m -2 .
The NMR spectrometer was a 20·35 MHz imager consisting of a 0·47 T Bruker electromagnet (Bruker, Karlsruhe, Germany) controlled by a S.M.I.S. console (S.M.I.S., Guildford, UK). A shielded gradient probe with a vertical open cylindrical access of 45 mm was used (Doty Scientific Inc., Columbia, SC, USA). The T 2 values were measured every hour using a multispin-echo imaging pulse sequence with slice selection (Donker et al. 1997; Edzes, van Dusschoten & Van As 1998) , a repetition time (T R ) of 1800 ms, a spinecho time (T E ) of 4·3 ms and a spectral bandwidth of 50 kHz. A 128 ¥ 128 matrix of complex data points was acquired per echo, and typically 64 echoes were acquired per echo train. For each image four acquisitions were averaged to improve the image quality, resulting in a total scan time of 15 min per image. The field-of-view was 50 mm, and the slice thickness 3·0 mm. A fast pulsed field gradient (PFG) sequence was used to obtain the apparent diffusion coefficient (D app ) (Scheenen et al. 2000) . The displacement encoding parameters were d = 3 ms, D = 24 ms, and a maximum gradient strength of 0·38 T m -1 . The NMR data sets were analysed by home-written calculation routines in IDL (Research Systems Inc., Boulder, CO, USA). The multi-echo images were fitted on a pixelby-pixel base using a mono-exponential decay function, yielding quantitative amplitude and 1/T 2 images (Donker et al. 1997; Edzes et al. 1998) . After phase correction, the real part of the signal was used for analysis (van der Weerd et al. 2000) . Mean tissue parameters were obtained by averaging nine adjacent pixels in the centre of an internode.
Light microscopy and cryo-scanning electron microscopy
The same plants as used for NMR imaging (i) were also used to determine the cell dimensions. Fresh longitudinal sections of the internodes were prepared using a hand microtome and fixed on a microscope slide using Kayser's glycerol gelatine (Merck 9242; Merck, Darmstadt, Germany). The slices were several cell layers thick; average cell sizes for the individual plants were determined by focusing the microscope on a central cell layer and measuring 60 randomly selected cells in two dimensions for every internode by hand. The length and position of each section was measured to correlate the results to the NMR images. In addition, longitudinal sections were made of three other millet plants, which had been under stress conditions for two days. Cell dimensions were determined of internodes, 1 cm in length, and compared with comparable internodes of non-stressed plants.
For cryo-scanning electron microscopy, internodes, 1 cm in length, of both plants were cut into longitudinal slices with a razor blade, subsequently plunged in liquid propane and then stored in liquid nitrogen. The slices were fractured at -88 ∞C and freeze-etched for 3 min in an Oxford CT 1500 HF cryo transfer unit (Oxford Instruments, Oxford, UK) and sputter-coated with 10 nm platinum. The cut surface was studied with a JEOL 6300F field emission scanning electron microscope (JEOL, Tokyo, Japan) at -194 ∞C at 2·5 kV.
Osmotic potential
Frozen-thawed samples of three millet internodes before and three internodes after 48 h osmotic stress were squeezed. The fluid was collected and analysed with an osmometer (Vogel Roebling, Giessen, Germany).
Sugar solutions
To evaluate the effect of increasing solute concentrations on the T 2,bulk (cf. Eqn 1), solutions containing sugars that are typically found in plants were prepared in distilled water. The following solutions were prepared: glucose 5 and 10% (w/v) at pH 6; sucrose 5 and 10% (w/v) at pH 6; sucrose 10% (w/v) at pH 4; 100 mM NaCl + 1% (w/v) sucrose at pH 6; 200 mM NaCl + 2% (w/v) sucrose at pH 6. Transversal relaxation was measured using a multispinecho pulse sequence on a 30 MHz MARAN system (Resonance Instruments, Witney, UK), with an interecho time of 4 ms. The value of T 2 for each sample was determined using the commercially available SPLMOD software package (Provencher & Vogel 1983) .
Numerical simulations
A finite difference numerical model of multi-compartment systems with cylindrical geometry was used that was based on the evaluation of Fick's second diffusion law. This model was developed to mimic the typical architecture of a plant cell, which consists of several concentric cylindrical or spherical compartments, namely the vacuole, cytoplasm and cell wall, separated by membranes. Other papers on this model showed that simulations of NMR experiments are indispensable to interpret the experimental results, and valuable information on physiological characteristics such as cell dimensions and membrane permeability can be extracted using these simulations (van der Weerd 2002; van der Weerd et al. 2002a, b) . Using this model, the signal amplitude and phase can be calculated for any combination of intrinsic compartment parameters at any time point during the gradient pulses and diffusion time and during the decay time following the PFG part of a combined PFGmultispin-echo experiment (van Dusschoten et al. 1996) . Random noise (signal-to-noise ratio, 10000) was generated to avoid fitting problems.
A typical PFG-multispin-echo experiment was simulated, with 16 gradient steps, 200 echoes and 5 ms interecho time. The resulting two-dimensional data sets were fitted with a coupled fitting routine; first a mono-exponential fit was applied to the relaxation part using SPLMOD (Provencher & Vogel 1983) , and subsequently the fitted intensity was used to fit the corresponding diffusion fraction (van Dusschoten et al. 1996) .
RESULTS
NMR imaging of the stem apical region
Maize and pearl millet plants were continuously imaged during the cycle: two days under normal conditions -two days under osmotic stress -two days under normal conditions. A selection of the amplitude, 1/T 2 and D app images of the results of these measurements, representing a longitudinal plane through the apex zone of the stem, is shown in 
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larger the cells, the higher D app will be. The two different D app images reflect the diffusion coefficients in the longitudinal and transversal plane, respectively. As the plant cells can often be approximated as cylindrical, the cell radius depends on the direction, and so does the diffusion coefficient as observed by the NMR method. This can be seen most clearly in the long, thin fibrous cells at the edge of the internodes (e), which have a very high diffusion coefficient along the long axis of the cells, and a very short D app in the transversal plane (Callaghan 1993; Thomas et al. 2000; Wycoff et al. 2000; Norris 2001 ).
According to Eqn 1, the observed transverse relaxation rate 1/T 2,obs is also expected to depend on the dimensions of the vacuole. Figures 1 and 2 indeed show a large variation in T 2 between the various internodes, which could be contributed to the different cell dimensions in these tissues. To verify whether this theoretical relation also holds for intact plants, maize and pearl millet plants were imaged from the shoot apex down to the roots. In Fig. 3 , the 1/T 2 values of the various internodes of a number of nonstressed plants (obtained from NMR images as shown in Figs 1 and 2 ) are presented as they vary with the cell size, determined afterwards by optical microscopy of the same plants. Clearly a linear correlation between cell dimensions and 1/T 2 is demonstrated, that holds for a large range of cell sizes. The intercept of the fitted line in Fig. 3 corresponds to the T 2,bulk of the vacuole, which is in this case around 2 s, as expected close to the T 2 of free water (Snaar & Van As 1992) . According to Eqn 1, the slope of the line corresponds to the magnetization sink strength parameter H, yielding H = (2·8 ± 0·52) ¥ 10 -5 m s -1 for maize and (4·0 ± 0·44) ¥ 10 -5 m s -1 for millet.
NMR imaging during osmotic stress
The stem apical region was measured continuously during the six days of the experiment, and average tissue parameters were calculated for the central part of the 1-cm-length internode of each of the plants. The 1/T 2 values for one maize and one pearl millet plant are shown in Fig. 4 ; the other plants showed similar trends. Clearly, the internodial stem tissue of the maize plant does not show any changes in relaxation rate. Moreover, the signal amplitude and apparent diffusion coefficient remain constant during the entire stress period (Table 1) . Pearl millet on the other hand shows a response within hours of the onset of stress. After about 10 h of stress the transverse relaxation rate starts to increase, up to 130% of the initial value after two days of osmotic stress (Fig. 4) . 
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Figure 3. Relation between relaxation time
T 2 and the cell dimensions for maize (n = 4, L) and pearl millet (n = 5, ᭛). The data points are taken from different internodes in the NMR images. Following the NMR measurements, the same plants were used for microscopic sections to determine the cell dimensions. Despite this increase of 1/T 2 , the amplitude images did not show any decrease in water density or in stem diameter ( Table 1 ), indicating that the stem tissue did not noticeably dehydrate.
According to Eqn 1, the relaxation rate depends on several parameters, i.e. the cell dimensions, the tonoplast and plasmalemma permeability, and the bulk relaxation properties in the different compartments. The initial cell dimensions in the selected tissue can be calculated from Fig. 3 ; using H = 4·0 10 -5 m s -1 for pearl millet, the inverse of the cell size R for the millet plant in Fig. 4 is found to be 0·22 mm -1 , using 1/R = (1/R longitudinal + 2/R radial ). The cell dimensions of the other plants varied depending on the length of the internode used. Assuming that the cell dimensions did not change during stress (see next section), the calculated dimensions were used to determine the magnetization sink strength parameter H during the stress period for all maize and millet plants (Fig. 5) . During the two-day stress period all pearl millet plants showed the same pattern: a constant or slightly decreasing H-value during the first hours of stress, after which it starts to increase to about 130 ± 9% of the original value after two days.
Scanning electron microscopy
Several assumptions were made for the calculation of H from Eqn 1. The first is that the cell dimensions remain constant during the entire stress period. From the amplitude images we already concluded that the amount of water and the diameter of the stem do not change. Some additional experiments were carried out to look at the cell size in millet plants in greater detail. Longitudinal slices of the 1-cm-length internode of three millet plants were used for scanning electron microscopy (SEM) to determine the volume fraction of the vacuole within the cell (Fig. 6, Table 2 ). From this figure it is clear that the cells are completely vacuolized, and the vacuole comprises by far the largest volume in the cell. Furthermore, the parenchyma tissue appears to be very homogeneous. As the slices are cut through different planes of the approximately cylindrical cells, the cell cross-sectional area cannot be determined quantitatively. However if cell shrinkage occurs a change in the vacuole/cytoplasm volume ratio is expected, because the vacuole acts as a buffer compartment to compensate water losses from the cytosol. Plants that were subjected to two days of -0·35 MPa PEG stress before freezing the internodial tissue showed no differences in appearance or in vacuole volume fractions. Optical microscopy of stressed plants showed no significant difference in cell dimensions with respect to non-stressed plants (Table 2) .
Bulk relaxation
Apart from the cell dimensions, the observed transverse relaxation time is also influenced by the bulk T 2 of the different compartments, which determines T 2,bulk of the vac- (Leigh 1997) . Therefore, the bulk T 2 of this compartment will be close to that of free water, around 2 s (Snaar & Van As 1992; van der Weerd et al. 2001) . This can also be seen in Fig. 3 , where the axis intercept corresponds to 1/T 2,bulk , i.e. 0·5 s -1 . We determined the osmotic potential of stressed and non-stressed parenchyma tissue of millet to see if solute concentrations changed during stress, thereby possibly causing a change in bulk relaxation properties (Table 2) . During stress the osmotic potential of millet parenchyma tissue increased by 11%, a significant osmotic adjustment, which corresponds to a 0·1 ± 0·002 MPa increase in osmotic pressure. Clark, Drummond & MacFall (1998) already showed that increases of 200% in free sugar concentrations in kiwi fruit did not result in any changes in the observed relaxation times in ripening kiwifruit at a 2 T imaging system. At the lower magnetic field strength of 0·5 T in our experiments, the influence of sugars on relaxation times due to proton exchange is expected to be even less than at high magnetic field strengths; therefore a possible osmotic solute accumulation during stress will not cause a significant change in the bulk relaxation properties. To verify this, transverse relaxation times were determined for 5 and 10% glucose and sucrose solutions at pH 6. In plants grown on nutrient medium, sugars account for about 28% of the total osmolality of the vacuole (around 300 mOsm kg -1 ), which is much lower than for a 10% solution (Mott & Steward 1972) . A 10% sucrose solution was also measured at pH 4, to observe the effect of fast proton exchange (Hills & Duce 1990) . Furthermore, more realistic solutions of (100 mM NaCl + 1% sucrose) and (200 mM NaCl + 2% sucrose) were measured at pH 6 to determine the effects of nonparamagnetic ions on T 2 . The resulting relaxation times only show a very weak dependence on concentration and pH (Fig. 7) , indicating that changes in T 2 due to osmotic adjustment can be safely ruled out, and cannot account for the observed changes in millet.
Freezing
To demonstrate that the membranes indeed control the exchange of water between compartments and therefore the relaxation rate, we excised small pieces of internodial tissue and measured both T 2 and the apparent diffusion coefficient D app for the entire sample. Next, the samples were frozen in liquid nitrogen, thawed and measured again. The results were analysed with two exponentials reflecting different compartments or tissue inhomogeneity. Both relaxation rates (1/T 2 ) increased after freeze-thawing, due to membrane damage (Table 3) , as was expected from the theory described above. The value of D app increased as well, because the maximum diffusion distance increased when the membranes separating the compartments were damaged.
Numerical simulations
A numerical model of a cylindrical plant cell was used to simulate the experimental results (Fig. 8) . The vacuole diameter was chosen in accordance with the results from optical microscopy and SEM. The thickness of the cytoplasmatic and cell wall layers are much smaller than that of the vacuoles. The values of T 2,bulk and D bulk for every compartment were chosen in accordance with literature (Snaar & Van As 1992; van Dusschoten et al. 1996) . The tonoplast permeability (P ton ) was set at a 10-times higher value than the plasmalemma permeability (P pl ), as is reasonable for a plant cell (Maurel 1997; Tyerman et al. 1999) .
We considered an individual cell in the simulations, so the outer boundary was closed. It should be noted that although the quantitative values for the output T 2 and D app depend on the chosen variables, the qualitative trends we present here are found to be insensitive to the chosen set of parameters. Using the set of input parameters as given in Fig. 8 , a typical two-dimensional PFG-multispin-echo data set was generated and analysed using a mono-exponential coupled fit to extract the relaxation time and D app values (Table 4 , Start). The D app value corresponds well to the experimentally found value (Table 1 ). The relaxation rate calculated using our model system is lower than in the experiment, which can be explained by the cylindrical 5% glucose 10% glucose 10% sucrose 10% sucrose pH=5 5% sucrose NaCl + 1% sucrose NaCl + 2% sucrose Fresh 2·76 ± 0·017 7·17 ± 0·093 1·13 ± 0·024 0·575 ± 0·01 6
Frozen 4·86 ± 0·031 9·68 ± 0·123 1·70 ± 0·031 1·56 ± 0·022 shape of the cells in the model system, as compared to the ellipsoid-like shape of the parenchyma cells. This discrepancy does not invalidate the interpretation of the observed trends of the model calculations, however. During osmotic stress, several events may occur at the cellular level. First, the vacuolar radius may decrease due to dehydration. This indeed results in an increase in 1/T 2 as experimentally observed, but the simulation shows that the decreased cell dimensions also cause a lower D app due to increased restriction and the large decrease in the signal amplitude, as the amount of water in the cell diminished (Table 4) . Therefore, the predicted effects of cell shrinkage do not correspond to the actual experimental results. Alternatively, there may be an increase of either the tonoplast or the plasmalemma membrane permeability (Yamada et al. 1997; Barrieu et al. 1999) . The simulated relaxation rate is indeed sensitive for both permeabilities, but the effect of increased plasmalemma permeability is much larger. The apparent diffusion coefficient D app and the NMR signal amplitude however, are predicted to remain approximately constant (Table 4) , which is exactly what is observed experimentally (Table 1) .
DISCUSSION
Imaging
The experimental results clearly show that NMR imaging is an attractive tool for in vivo plant studies. The resolution of the NMR images here is not high enough to distinguish individual cells, but the internodial tissue is very homogeneous. Therefore we can assume that the signal within a single pixel originates from cells of similar dimensions, which allows us to interpret the changes in terms of cell water balance (van der Weerd et al. 2001) . Previous experiments already showed that during osmotic stress no dehydration of apical stem tissue occurred for moderate osmotic stress, although stem elongation growth stopped almost completely (van der Weerd et al. 2001) . Therefore the cell dimensions do not increase due to growth during the stress period, which simplifies the interpretation of the results.
In principle, the signal amplitude equals the amount of protons present per voxel. Because the protons in plant tissue originate mainly from water molecules, the amplitude represents the tissue density multiplied by its water content, which is approximately equal to the amount of intracellular water (Donker et al. 1997) . As the amplitude images of maize and millet (Figs 1 & 2) did not show any changes in intensity or in the stem diameter during the stress period we may safely conclude that the cell volume did not decrease by more than 3-4% (or 1·5% radius), which is the accuracy of the amplitude measurements. The SEM pictures of millet, which did not show any changes in vacuolar appearance during stress, support this conclusion. In principle, this means that very small volume changes may occur, which we are not able to resolve with the current techniques. However, to explain the increase found in 1/T 2 in terms of a decrease in vacuole dimensions, the cell radius would need to change by about 25% (Eqn 1), implying a volume change of a factor 2, which is clearly not the case. Therefore, possible volume changes within the measurement uncertainty can only contribute to the observed T 2 change for a very limited amount, and are not the main cause for this change.
Furthermore, the results of the measured sugar solutions imply that osmotic adjustment does not result in large changes in T 2,bulk . From Fig. 7 we conclude from the results of the NaCl + sucrose solutions (which is close to the in vivo vacuole solution) that T 2,bulk should not be expected to reduce to values lower than 1·8 s. In the actual situation T 2,bulk only contributes for 5-10% to the observed T 2 (Fig. 4) . Therefore, according to Eqn 1, the observed increase in 1/T 2 should be caused by an increase in H. Numerical simulations of a plant cell confirm this conclusion.
Membrane permeability
The linear relation between T 2, permeability and compartment size is in agreement with common relaxation theories (Conlon & Outhred 1972; Brownstein & Tarr 1979) and should hold for rP/D bulk < 10. For cells of the 1-cm-length internode, with a radius of approximately 15 mm and a bulk diffusion coefficient of 2 ¥ 10 -9 m 2 s -1 , rP/D < 10 for a tonoplast permeability < 1·3 ¥ 10 -3 m s -1 , which generally applies to such tissue (Tyerman et al. 1999) . The general theory assumes an infinite volume outside the main compartment, acting as a sink, i.e. the T 2,bulk of the cytoplasm should be infinitely short. Of course this is not correct for plant tissue. Therefore, H reflects the net magnetization loss at the tonoplast, including the membrane permeability for water, the effective relaxation within the cytoplasm and the partial backflux of magnetization from the cytoplasm into the vacuole. Consequently, the apparent magnitude of H (H app ) underestimates the tonoplast permeability; however, H app is still linearly related to the actual membrane permeability (van der Weerd et al. 2002b ). The effective cytoplasmatic relaxation also includes the probability for (water) proton spins to reach the plasmalemma, spin-exchange over the plasmalemma, and spin-relaxation within the cell wall. The probability of reaching the plasmalemma is given by the ratio between the diffusion time to cross the cytoplasmatic layer (t dif = R 2 /2D) and the bulk transverse relax- 
ation time in the cytoplasm: (R cyt 2 /2D cyt )/T 2,cyt . Using the same values as in the numerical simulations this ratio approximately equals 1/200. This means that the majority of the spin-bearing molecules that cross the tonoplast also reach the plasmalemma before losing their magnetization. Therefore, the quantitative value of the sink strength parameter H reflects both the tonoplast and plasmalemma permeabilities. This leads to two important conclusions: first, it implies that relative changes in the membrane permeability can indeed be determined from changes in T 2 . Second the linear relation shown in Fig. 3 can be used to compare different plants of a particular variety, irrespective of the exact cell dimensions, as the known H-value for nonstressed plants can be used to calculate the cell dimensions.
Measurement of the diffusional membrane permeability with most conventional techniques is based on the determination of concentration gradients and therefore is usually complicated by the presence of unstirred layers (Maurel 1997; Verkman 2000) . This is indeed true if molecules as those of heavy water or ions are used as a tracer, because the concentrations of those molecules on either side of the membrane greatly depend on the diffusional characteristics of the water layers close to the membrane surface [for a review, see Barry & Diamond (1984) ]. For intact plants, pure Brownian motion determines diffusion, because both intra-and extracellular water act as an unstirrable region. In this respect NMR has the distinct advantage that the motion of water molecules bearing nuclear spins is followed directly and not via the motion of a tracer molecule. As the concentration of water on both sides of the membrane is always approximately equal, the movement of water over the membrane is only determined by the permeability of that membrane to water molecules, if the tissue shows no net de-or rehydration.
Because no changes in tissue hydration are observed over two days of stress, the plant water balance can be considered to be in a semi-steady-state condition. Therefore unstirred layers do not affect the membrane permeability observed in our NMR measurements.
In conclusion, the transverse relaxation rate 1/T 2 shows a decrease during osmotic stress in pearl millet, which can be interpreted as due to a change of either the tonoplast or plasmalemma permeability, or both. We speculate that aquaporins play a crucial role in this change of the membrane transport properties, as these membrane proteins are thought to contribute to drought tolerance by facilitating water mobilization towards critical cells. Although the role of aquaporins in vivo is still a matter of debate, the general view is that these proteins are involved in the regulation of water transport within the plant. Evidence in this direction can be found both on the cellular level (water redistribution between vacuole and cytoplasm) and the tissue level (root and shoot conductance) (Steudle & Henzler 1995; Tyerman et al. 1999; Steudle 2001) . This is in accordance with the observed up-or down-regulation of mRNA expression encoding for putative aquaporins in several other plant species (Chrispeels & Maurel 1994; Maurel 1997; Tyerman et al. 1999) . In some species a diurnal rhythm in the hydraulic properties of roots or leaf moving organs that correlates with the rhythm in the level of such mRNA has been found (Henzler et al. 1999; Clarkson et al. 2000; Moshelion et al. 2002) . The plasmalemma permeability may play an important role in tissue hydraulics, thereby facilitating the relocation of water to tissues with a relatively high osmotic water potential. The tonoplast permeability, on the other hand, is likely to control the water balance between the vacuole and the cytoplasm (Maurel 1997) . The combination of spin relaxation and diffusion as in our NMR experiments is useful in order to unravel the role of membrane transport in the hydraulics of a plant. The interpretation of the experimental NMR results is greatly facilitated by multicompartment numerical modelling of such systems.
